A two-dimensional (2D) model, which uses a residual circulation and diffusion, and a three-dimensional 0D) model, which uses winds from a stratospheric data assimilation system, have been used to estimate the transport and dispersion of aircraft exhaust (tracer) in the lower stratosphere. Four month calculations using the 2D model with tracer injected continuously between 40' -50 ø north and south latitudes are compared with similar 3D calculations for the same time period. The seasonal behavior of the tracer fields in the two models is similar. The zonal mean of the 3D tracer distribution resembles the 2D distribution when the 2D calculation uses a residual circulation derived from the assimilated wind fields, but the 3D distribution indicates more rapid vertical mixing. The similarity of the 2D and 3D tracer distributions suggests the similarity of the seasonal mean mass transport in both models. However, there is a significant difference in the placement of stratosphere/troposphere exchange in the two models. In the 2D model, tracer transport to the troposphere takes place mostly at high latitudes. In the 3D model, most tracer transport takes place at middle latitudes, and is clearly associated with synoptic scale events. This may be particularly important to assessment calculations, as the pollutant source is mostly in middle latitudes. The 3D model is also used to consider the buildup of tracer in oceanic flight corridors. North Atlantic (Boston-London), north Pacific (Los Angeles-Tokyo) and tropical (Los Angeles-Sydney)corridors are considered. For northern hemisphere winter, the tracer distributions remain zonally asymmetric. The tracer from Boston-London is largely excluded from the Aleutian anti-cyclone, and the tracer from Los Angeles -Tokyo is largely contained within the anticyclone. The tropical tracer distribution is also asymmetric; the time scale for zonal mixing is long compared to the time for meridional transport processes due to weak zonal winds. Although more of the tracer injected in the tropical corridor is transported to higher altitude than for the other corridors, the transfer of mass from the stratosphere to the troposphere is nearly the same for the three corridors. There are no systematic differences that suggest that one corridor is inherently more or less polluting than another.
INTRODUCTION
Questions concerning the environmental impact of a fleet of supersonic aircraft operating in the lower stratosphere were first considered in the early 1970's [e.g., Johnston et al., 1989; Douglass et al., 1991 and references therein]. With the possibility of the development of new, cleaner engines, it has become necessary to reassess the impact of a projected fleet of stratospheric aircraft. Aircraft exhaust components, including odd nitrogen species (predominantly NO and NO2), combustion products CO2 and H20 , and other trace gases, would be injected at flight altitude, and perturbations to the natural levels of these species could be significant. The environmental significance of these injections is strongly dependent on the atmospheric transport processes which determine the residence times of these constituents.
In the 1970's, photochemical modeling of the stratosphere was a relatively new area of scientific investigation, and there were major uncertainties in assessments of the impact of such a fleet. modern 2D model and gas phase photochemical reactions, indicates a global total ozone change of-7.6% for a fleet at 19.5 + 1.5 km, with an estimated annual fuel usage of 7.7 x 10 •ø kg fuel yr 4 and an emission index of 15 g NO 2 per kg fuel. The calculated ozone change for the same conditions as above but for an emission index of 40 g NO 2 per kg fuel, which approximates the emission index for current stratospheric aircrag, is -19.1%. This suggests that the calculated ozone change for gas phase chemistry is nearly linearly related to the magnitude of the odd nitrogen distribution.
A global ozone reduction of this size is clearly unacceptable. However, technological improvements in airtrait engines may make it possible to reduce emissions of NO and NO2 by a factor of 5-10 compared to the current levels. The impact on the ozone layer for the same fuel usage would be comparably reduced. If a very small impact on the global total ozone is calculated by the models, it is imperative that the sensitivity of the result to various model assumptions and inputs be determined. The uncertainty in the calculation must be reduced if a sensible decision regarding construction of a fleet is to be made.
Despite the improvements of models in the past two decades, there remain formidable challenges to an assessment of the impact of stratospheric airtrait [Johnston et al., 1989] . A long term assessment calculation requires valid representations of transport and chemistry. The recent discovery of the importance of heterogeneous chemistry occurring on background aerosols complicates the representation of chemistry and adds uncertainty to the calculation. Weisenstein et al. [1991] report on the sensitivity of model calculations to the reaction N205 + H20 -• 2 HNO3 occurring on the surfaces of sulfate aerosols. When this reaction is included in 2D models, using a climatological aerosol distribution, with the reaction rate based upon laboratory measurements [e.g., Hanson and Ravishankara, 1991] , the impact of a fleet of stratospheric airtrait is greatly reduced. Comparisons of model fields using heterogeneous processes with measurements improves agreement of model and measurement for some species, but discrepancies remain which suggest that the current representation of heterogeneous chemistry in stratospheric models is too simplistic [King et There are sensitivities of assessment calculations to model transport other than the direct sensitivity of the magnitude of the perturbation to lower stratospheric odd nitrogen. Johnston et al. [1989] delineate the sensitivity of calculated ozone changes to the airtrait flight altitude; the higher the cruise altitude of the airtrait, the larger the impact on ozone. This is due both to the increased stratospheric lifetime of the pollutant for a higher altitude release and to the shorter response time of ozone to an odd nitrogen perturbation. In an effort to reduce the uncertainty associated with 2D model calculations, wc have undertaken a series of experiments using the GSFC 2D model ] and the 3D chemistry and transport model (3D CTM) [Rood et al., , 1992a . There arc two types of experiments reported here. One is to compare the evolution of the zonal mean of a tracer calculated with the 3D CTM for a zonally symmetric tracer source with that calculated using the 2D model. The differences between the models arc explored by considering similar 2D calculations using a transport representation that is derived to be consistent with the 3D circulation.
The second type of experiment examines the transport and dispersion of tracer injected in three typical •ght corridors: a north Atlantic route Boston-London; a north Pacific route Los Angelcs-Tokyo; a tropical route Los Angelcs-Sydney. These simulations provide information needed to estimate two dimensional model uncertainty duc to the non-zonal character of horizontal and vertical transport processes.
MODEL DESCRIPTION

Three-Dimensional Chemistry and Transport Model
Previous applications of the 3D CTM indicate its utility to examine the dispersion of aircrat• exhaust [Rood et al., , 1992a . The winds for transport are taken from a data assimilation procedure (STRATAN) as described by Rood et al. [1989] , making it appropriate to compare model calculated fields with measurements from that time period. The van Leer [1974] scheme is used to calculate horizontal transport at 2 ø lat x 2.5 ø long resolution. Details concerning the implementation of this scheme in the 3D CTM are given by Allen et al. [1991] . A nondiffusive scheme developed by Prather [1986] is used for vertical transport. The vertical resolution of the assimilation procedure is about 3.5 km in the stratosphere and 2 km in the troposphere; the vertical domain extends from the ground to 0.4 hPa. The use of this more accurate transport scheme allows representation of sharp features such as the abrupt change in ozone mixing ratio at the tropopause in spite of the relatively coarse vertical resolution.
Results from the 3D CTM have been compared with data from several sources. The comparisons with total ozone from the Total Ozone Mapping Spectrometer (TOMS) show that the day-today variability in the upper troposphere and lower stratosphere is well represented in the winter hemisphere. Comparisons with aircraft, sonde, and other satellite data [Rood et al., , 1992a further demonstrate the high quality of model performance on synoptic and planetary time scales.
On longer time scales there is evidence of shortcomings in the transport of tracers. These shortcomings are explicitly revealed by trying to understand the model results in terms of mixing on potential temperature (0) surfaces versus diabatic transport across 0 surfaces [Mahiman, i98.5]. in the model, long lived gases such as lower stratospheric ozone or N20 move across 0 surfaces faster than observed. This is due both to the strength of vertical eddy transport produced by the assimilated wind fields and to the vigorous residual circulation in STRATAN. A vigorous residual circulation is a general characteristic o f assimilated data products. This does not occur as a result of any explicit problems with the radiation algorithm [Rosenfield et al., 19871 , but from the inability of the assimilation model to achieve proper thermodynamic balance in the presence of continual data insertion. These difficulties in the vertical transport are more thoroughly considered by Weaver et al. [1993] , and clearly affect any quantitative estimate of stratosphere/troposphere (strat/trop) exchange. Even so, the good representation of synoptic events seen in the ozone simulations as compared with satellite fields [Rood et al., , 1992a suggests that the location, frequency, and relative importance of events leading to strat/trop exchange are correctly represented.
Two-Dimensional Model
The 2D zonally averaged model used in these experiments is described in detail by Douglass et al. [1989] . The horizontal coordinate is latitude from 85øS to 85øN with grid points at ten degree intervals, and the vertical coordinate is log pressure from the surface to 0.23 hPa (about 60 km) with 30 equally spaced levels. The model uses a fixed temperature field taken from a 4 year average of the monthly mean fields from the National Meteorological Center (1979) (1980) (1981) (1982) (1983) .
The model residual circulation is calculated following Dunkerton [1978] from net heating rates calculated as in Rosenfield et al. [19871 at pressures lower than 100 hPa. For the troposphere and lower stratosphere up to 100 hPa the net heating rates are taken from Dopplick [1974, 1979] . Transport by wave motions is parameterized by a diffusion term which is calculated from the same temperature data as are used for the heating rate calculation [Newman et al., 1986 [Newman et al., , 1988 . For constituent calculations, 92 photochemical reactions are included, using photolysis cross sections and reaction rate data as given by DeMore et al. [1990] . Calculated species are routinely compared with measurements; the quality of the comparisons and sensitivity to circulation are considered by Jackman et al. [1989, 1991a] . To make a 2D model calculation as similar to the 3D calculation as possible, the tracer distribution is calculated from the 2D model using a circulation derived from 3D wind fields using w* from (1) Angeles (33øN, 120øW) to Tokyo (35øN, 140øE) (LA-T); a tropical route Los Angeles to Sydney (34øS, 150øE) (LA-S). In each of these cases, tracer is injected into the stratosphere continuously at grid points on a great circle connecting these cities at the 53 hPa level. Tracer distributions are shown after {50 days and 90 days of integration for B-L (Figure 6a and fib), LA-T (Figure 7a and 7b) ; LA-S (Figure 8a and 8b) . The fraction of pollutant below 11.3 km is given in Figure  11a for the three corridors and in Figure 11b Because the evolution of the zonal mean is similar in both models, we infer that the 2D model horizontal diffusion is well represented.
The climatological residual vertical velocity, which is calculated from the heating rates, differs substantially from that calculated using the definition (1); this produces differences in the tracer distributions. The 3D ozone calculations diverge from measurements in ways that indicate that the residual circulation which describes the transport of the 3D model is too vigorous. In contrast, 2D model calculations using a residual circulation 
